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Linear macroscopic properties of polymeric liquids and melts. A new approach H. R. Brand (1, 2) , H. Pleiner (1, 3) and W. Renz (4) (1) FB Abstract . 2014 We present a new approach to the linear macroscopic behaviour of polymeric liquids and melts in terms of the macroscopic variables : velocity field, density, entropy density and strain field and we discuss how the classical Maxwell model emerges as a limiting special case. The novel approach used here, which considers the strain field as an additional macroscopic variable that relaxes on the timescale of the Maxwell time, allows to incorporate additional variables such as the macroscopic polarization or the concentration in mixtures easily. We point out a number of new cross-couplings not given before in connection with the Maxwell model and we outline four experiments to test some of the suggestions made. We predict for example that transverse acoustic phonons can be excited in a transient network with a frequency larger than the Maxwell frequency of the polymer melt or solution studied.
Introduction and motivation.
The dynamic behaviour of polymer melts and solutions is known to be complex and complicated, both in the macroscopic (Ref. [1] and Refs. cited therein) and in the microscopic and mesoscopic domain (Refs. [2, 3, 4] and Refs. cited therein). To describe the low frequency, long wavelength behaviour of polymer melts and solutions the most commonly used model is the Maxwell model, which was considered first by Maxwell [5] to'characterize the non-ideal behaviour of gases. To describe the phenomenon that polymer melts and solutions react like a liquid below a certain frequency (usually called the Maxwell frequency) and solid-like above this characteristic frequency, in the classical Maxwell model a dynamic equation for the stress tensor is introduced. This model has been used in the past to study a large number of physical phenomena (Ref. [1] and Refs. cited therein) and more recently for e.g. thermal convection [6] [7] [8] and surface waves [9] . To give an accurate description of the experimental results a number of modifications of the classical Maxwell model (e.g. thé Jeffreys model) was introduced [1] and the analogy to electric circuits was emphasized and exploited. For none of these models a discussion of the cross-coupling to other macroscopic [10] or the deviations from the equilibrium direction of the director for nematic liquid crystals [11] . In some cases this rigorous hydrodynamic approach, which keeps only the quantities which do not relax in the limit of infinite wavelength, is modified to keep variables, which relax in a long but finite time, such as for example the modulus of the order parameter close to a phase transition. This approach is called macroscopic dynamics and it has been used first to describe the dynamic behaviour near the À -transition in 4He [12] and to many other situations in the following (compare the discussion in Ref. [13] ). Recently this concept has been used to study the static behaviour close to the isotropic-nematic transition in liquid crystalline elastomers [14] .
In this paper we propose to use the macroscopic dynamic approach to polymers. Apparently this has not been done before. From By construction the macroscopic dynamics approach gives the correct limit for the case of an infinite Maxwell time. In this case the hydrodynamic equations for a solid result as it must be the case. For the classical Maxwell model it is quite complicated to obtain this limit, since the classical model depends only on lù to thus making it impossible to investigate the limit of a solid, since the macroscopic behaviour can only be expected to be obtained correctly for sufficiently small frequencies. Otherwise microscopic modes are being excited. In the macroscopic dynamics approach. and Tare independent quantities and it is therefore staightforward to take the T -oo limit.
From the point of view of macroscopic dynamics there is no justification for models which incorporate a whole sequence of microscopic times. In the present gateway of attack only the Maxwell time is incorporated. All shorter time scales are considered to be truly microscopic. However, it is conceivable that there exist additional long time scales originating from microscopic or mesoscopic processes. In that case, additional macroscopic variables must be kept. We note that the present approach loses its appealing conceptual simplicity if there are too many of these additional variables. 4 . Possible experimental tests of the macroscopic dynamics approach.
Naturally it seems very important to test the concept put forward above experimentally. In this section we outline four simple, but nontrivial possibilities.
As we have seen in the last section, the additional degrees of freedom can be excited at sufficiently high frequencies by applying for example extensional flow or simple shear. This occurs predominantly through the direct reversible coupling between temporal strain variations and velocity gradients. Having generated these strains in the transient network they are dissipated on the time scale of the Maxwell time. This dissipation leads via the corresponding term in the entropy production to a heating effect on the sample to quadratic order in the amplitude of the applied field [19] . We feel, however, that this task might be easier in some respect for the transient network, since it is spatially homogeneous and thus not suffering from problems such as inhomogeneous cross-linking densities, etc.
Having laid the foundation of a macroscopic dynamic description of polymer melts and solutions in this paper, we will present its generalizations in the near future.
Appendix.
In this appendix we derive the formulas for the correlation functions within fluctuating hydrodynamics [20] . From statistical mechanics it is well known that dissipation is necessarily accompanied by fluctuations. Having vanishing mean values these fluctuations can be neglected in a deterministic treatment, but for various applications of linear hydrodynamic equations it is fruitful to allow for these fluctuating parts in the dissipative currents. In equilibrium (or near it) the correlation functions of the fluctuating parts of the currents are related to the dissipative transport parameters by the fluctuation-dissipation-theorem.
Denoting by Ji', Xij, ./f, eij, and Jp the fluctuating parts of the currents it, 0-jj, if, Xij, and jf respectively, and assuming that they are described by Gaussian, white noise stochastic processes, standard textbook procédures [20] 
